Introduction
Synchrotron radiation (SR) is now widely used in multipurpose scientific probes all around the world. The prevalence of SR is due to the fact that its highenergy photons make excellent probes for exploring the atomic and/or electronic structures of materials, making SR indispensable for today's science and technology. SR is, by definition, electromagnetic radiation generated when relativistic charged particles are forced by some external force to bend their trajectories. We can find many celestial examples of SR in nature, for example the light we can see from the Crab Nebula. The first visual observation of terrestrial SR reported was from an electron synchrotron at the General Electric Research Laboratory in Schenectady, New York, in 1947 [1] . At that time, relativistic charged particles were generated in accelerators built for high-energy physics research to which SR was just a nuisance that dissipated input energy as a form of electromagnetic radiation. In this paper, we review the evolution of SR sources over the past 70 years since their inception, present the current status and consider the future vision for SR facilities.
The early uses of SR were parasitic to electron synchrotrons built for high-energy physics programmes [2] [3] [4] . Since synchrotrons change the electron beam energy during their operation, the SR resulting from a circular orbit changes its spectrum accordingly. At the same time, SR from synchrotrons provided excellent light in the vacuum-ultraviolet (VUV) and soft-X-ray (SX) regions, for which no good light source had existed before. This parasitic use of electron synchrotrons is called zeroth-generation SR utilization.
In the early 1970s, a storage ring was invented for conducting electron-positron colliding experiments in high-energy physics. While the fixed-energy operation of a storage ring does not change the spectrum of SR, the output intensity decays according to the lifetime of the circulating electrons. The parasitic use of storage rings is known as first-generation SR utilization. The stability of the output spectrum remarkably enhanced the usability of SR, and more and more people participated in SR research.
Over time, people gradually began to want dedicated storage rings in order to use them without interference from high-energy physics programmes. Some facilities converted a storage ring originally prepared for other programmes to create a dedicated SR source, while others developed a dedicated storage ring for SR from the beginning. These dedicated storage rings for SR utilization are called second-generation SR sources.
In the UK, utilization of synchrotron radiation began in 1967 at the 4 GeV NINA electron synchrotron in the Daresbury Laboratory. In 1981, a newly designed dedicated synchrotron radiation source (SRS) started its operation [5] with the first publication in Nature [6] . SRS is the world's first second-generation X-ray synchrotron radiation facility which started user operation a little earlier than the National Synchrotron Light Source (NSLS) at the Brookhaven National Laboratory in the USA [7] or the Photon Factory in Japan [8] , both of which started user operations in 1983. These second-generation sources covering the X-ray region followed earlier secondgeneration sources covering the VUV/SX region: Tantalus at Wisconsin, USA, in 1968 [9] and SOR-RING at Tokyo in 1974 [10] . The independence from high-energy physics programmes that these second-generation sources provided allowed SR users to conduct important research specific to SR science and technology. Some leading users, with their exciting results, motivated the evolution to third-generation sources.
The history of SR sources is the pursuit of greater brightness. Over the 50 years since X-rays were first extracted from accelerator-based sources, we have observed a nearly 20 orders of magnitude enhancement in X-ray peak brightness. The greater brightness, shorter pulse duration and higher energy provided by synchrotron radiation have tremendously improved our ability to explore the nano-world.
Third-generation synchrotron radiation sources
One of the most significant achievements made at second-generation sources was the development of undulators [11] . SRSs that have been optimized for the use of undulator radiation are considered to be third generation. They are low-emittance rings with many straight sections for undulators. The first third-generation SR sources for hard X-rays that began to appear in the 1990s (ESRF (http://www.esrf.eu), APS (https://www.aps.anl.gov) and SPring-8 (http://www.spring8.or.jp/en/)) employed higher-energy electron storage rings in view of the prevailing undulator technology. Earlier undulators had an ultra-high-vacuum (UHV) duct that was sandwiched between two arrays of permanent magnets producing periodic alternating magnetic fields. specific length of magnet wavelength, λ magnet , that depends on the width of the gap between the two arrays. The resulting photon wavelength of the first harmonics of the undulator, λ photon is given by
where γ represents the electron beam energy and K is a parameter related to the magnetic field strength. It is necessary to increase the electron beam energy, γ , to tune the first harmonics for high-energy (i.e. short-wavelength) X-rays. Early undulators did not have enough uniformity in their magnetic fields to generate the bright higher harmonics. As a result, the first three thirdgeneration sources for hard X-rays selected electron energy values of 6 GeV (ESRF) (http://www. esrf.eu), 7 GeV (APS) (https://www.aps.anl.gov) and 8 GeV (SPring-8) (http://www.spring8.or. jp/en/). Photographs of these facilities as viewed from above are shown in figure 1. These higher-energy storage rings with a low electron beam emittance require a large circumference, which increases the distance between the source point and the sample position. The combination of a small electron beam with a long source-sample distance enhances the transverse coherence of X-rays according to the van Cittert-Zernike theorem in optics [12] . Before third-generation sources became available, coherent X-rays could be generated only by manipulation using optics [13] . Further increases in X-ray coherence could be achieved by making the beamline longer. The 1 km beamline at SPring-8 (figure 2) [14] is one of the facilities where an X-ray speckle pattern from the Be window was observed (figure 3). The high coherence of an X-ray beam also requires super-smooth surface finishing for X-ray mirrors, because otherwise, the reflected X-rays show a spatially inhomogeneous pattern due to interference. This inhomogeneity in the reflected beam motivated us to develop better X-ray mirrors, known as Osaka mirrors, which are now widely used around the world (https://www.j-tec.co.jp/english/). A combination of two elliptical mirrors in a Kirkpatrick-Baez mirror could routinely produce sub-100 nm focal spots [15] . A single ellipsoidal mirror is now being developed in order to make a focal spot around 100 nm in diameter [16] . Paraboloid mirrors, which can collimate a divergent undulator beam into a parallel beam with an angular spread of approximately 10 nrad have also been developed [17] .
The high degree of X-ray coherence that was achieved for the first time at third-generation SR facilities motivated the development of coherent diffraction imaging [18] . The underlying principle is that the Fraunhofer scattering of X-rays is represented by the Fourier transform of the electron density of the scatterer when the impinging beam is transversally coherent. Then, the phase information can be retrieved from the intensity data by using an oversampling technique. With the amplitude data from the intensity and the phase data, we can constitute a scattered electromagnetic field. The inverse Fourier transform of the field can provide the electron density of the scatterer. The operation of third-generation sources has led to rapid progress in undulator technology. SPring-8 has designated the in-vacuum type as our standard for hard X-ray undulators. SPring-8 built a 27 m long in-vacuum undulator (figure 4) [19, 20] . Although the energy dispersion of the electron beam suppresses the interference enhancement of the undulator brilliance, the long undulator is able to deliver a highly intense X-ray beam, 10 14 photons s −1 at 15 keV, even with a Si 111 double crystal monochromator. The in-vacuum undulator positions the arrays of permanent magnets producing the alternating magnetic fields to undulate the electron beam within a UHV chamber (figure 5) [21] . This enables us to reduce the gap between the magnet arrays much narrower than that for conventional out-of-vacuum undulators. With this narrower gap, even a shorter λ magnet can produce an effective magnetic field at the electron beam position. The shorter λ magnet shortened the photon wavelength of the first harmonics of the undulator, λ photon in equation (2.1), or the same λ photon as before with a smaller γ . In addition, the improved uniformity in the magnetic field of the undulators enhanced the brilliance of the higher harmonics. As a result, 6-8 GeV electron beams are not a prerequisite for producing hard X-rays using undulators. It has become common to use 3 GeV low-emittance electron storage rings to produce hard Xrays from undulators, and we are now facing a rigorous competition for high-performance third-generation SR facilities all around the world.
One remarkable change at third-generation sources is the rise in industrial applications. SPring-8 now operates three public beamlines for industrial applications. More than 20% of successful proposals for beamtime at SPring-8 originate from industrial parties. Industrial research at SPring-8 began with users from the analysis departments from various companies. However, some companies soon recognized the importance of SR utilization and started to create strategic programmes with participation from users from the management level. Toyota has constructed its own beamline at SPring-8 [22] . We expect to see more programmes of this type in collaboration with university professors. Business-to-business cooperation among similar types of companies is growing gradually with increasing participation of university professors to conduct joint research in the pre-competition domain, as exemplified by the Frontier Soft-matter Beam Line constructed by a consortium of soft-matter companies [23] . Many Japanese companies have included SR utilization in their product development process. This often becomes a factor delaying any upgrade work that requires a long shutdown. 
X-ray free-electron lasers
Concepts for a free electron laser (FEL), replacing the laser medium with free electrons in an accelerator, were first proposed in 1971 [24] . The actual shape was an optical cavity containing an undulator, similar to optical lasers that featured an optical cavity with high-reflectance mirrors and containing a laser medium. However, to enable lasers to be used with this configuration required the cavity to have high-reflectance normal-incidence mirrors. Since such mirrors do not exist for high-energy photons, the original FEL scheme could not be extended to the X-ray region. In the mid-1980s, Bonifacio et al. [25] proposed a new scheme called self-amplified spontaneous emission (SASE), which replaced the optical cavity with a long undulator. The photon-electron interaction along the trajectory of the electron beam inside the long undulator was able to produce electron density modulation within the electron bunches with a period of wavelengths equal to the undulator radiation. These 'micro-bunched' electrons wiggled coherently in the undulator to produce coherent X-rays in the forward direction. However, the formation of the SASE process required a high-quality electron beam that was difficult to produce with circular accelerators, but could be produced with linear accelerators.
Pellegrini proposed constructing a SASE XFEL by converting the Stanford two-mile Linac [26] , which subsequently became known as the Linac Coherent Light Source [27] . The Advanced Photon Source at Argonne National Laboratory in the USA developed its Low Energy Undulator Test Line (LEUTL) and constructed a SASE FEL for the visible-to-ultraviolet spectral region [28] . In the meantime, DESY at Hamburg was preparing plans for the TESLA project (https://teslanew.desy.de), which featured an e+/e− linear collider, but contained a high-repetition XFEL as a secondary target. DESY built a test facility to develop superconducting linear accelerator technology. It was used to build an EUV/SX high repetition FEL, now known as FLASH (https:// flash.desy.de). While the collider part of the TESLA project was never funded, the XFEL part survived, leading to the construction of the European XFEL (https://xfel.eu). In the late 1990s, while discussions about the LCLS and TESLA XFEL construction projects were ongoing in the US and Europe, Japan was in the midst of building SPring-8. However, after constructing a 27 m in-vacuum undulator and a 1 km beamline for coherent X-ray applications, Dr Hideo Kitamura, the undulator group leader at SPring-8 at the time, and the author, the beamline group leader at the time, frequently attended meetings for the LCLS and TESLA XFEL projects. When the LCLS and TESLA XFELs were designed, in-vacuum undulator technology was not yet mature, so these XFEL facilities adopted out-of-vacuum undulator technology. This resulted in a longer magnetic period length for the undulators, demanding electron beam energies greater than 15 GeV to produce 0.1 nm wavelength SASE XFEL. The SACLA project arose from discussions between Dr Kitamura and the author about what would happen if we could use short-period in-vacuum undulators for the SASE XFEL. We found that 8 GeV electron beam energy was sufficient to produce a 0.1 nm wavelength XFEL with an 18 mm undulator period. This in-vacuum undulator considerably reduced the required size for the facility. We decided to use C-band linac cavities [29] instead of the S-band type used at LCLS to further reduce the required linac length. This compact design concept for SASE XFEL, combining a short-period undulator with a high-gradient C-band accelerator, was named the SPring-8 Compact SASE Source (SCSS). We started construction of a test facility with a 250 MeV linac [30] .
FLASH generated its first laser beam in 2005, followed by the SCSS test facility in 2006. Both of these were EUV/SX FELs. LCLS generated its first laser beam at 0.15 nm in April 2009 and started user operations the following September [27] . SACLA generated its first beam at 0.12 nm in June 2011 and started user operations the following February [31] . During 2010 and 2011, FERMI at Trieste in Italy generated SX FEL, using the higher harmonics of the conventional laser as a seeder for the FEL (https://www.elettra.trieste.it/lightsources/fermi.html). Later, construction projects followed at the European XFEL at Hamburg (https://flash.desy.de), the PAL XFEL at Pohang, Korea (http://pal.postech.ac.kr/paleng/) and the Swiss XFEL at the Paul-Scherrer Institute (https://www.psi.ch/swissfel/). The Shanghai Institute of Applied Physics (SINAP) built an SX FEL using C-band accelerator technology. More recently, SINAP plans to build a high-repetition rate superconducting XFEL (http://www.sciencemag.org/news/2017/01/chinaopens-unique-free-electron-laser-facility).
The building housing the SACLA XFEL was designed to accommodate five parallel FEL lines to which electron beams were delivered from a single linac with a maximum energy of 8 GeV by using a switching magnet located at the end of the linac. In addition, another beamline for SPring-8 injection was prepared for a future low emittance upgrade of SPring-8. SACLA started operations in 2011 with a single hard X-ray FEL line (BL3) and a wide-energy spontaneous emission line (BL1), which could be switched by using a static switching magnet. Since the magnet gap for the in-vacuum undulator was variable, the FEL energy could be tuned through the K-parameter in equation (2.1). The initial repetition rate was 30 Hz, i.e. half of the rated value of 60 Hz. The repetition rate was gradually increased to 60 Hz by 2017. The second hard X-ray FEL line was built in 2014 and started user operations in 2015, introducing an electron beam using a static switching magnet. The test facility was relocated upstream from BL1 with an increased electron beam energy of 450 MeV, with user operations starting in July 2016. It was further upgraded to 800 MeV electron energy during the summer shutdown of 2016. The power supply for the switching magnet was replaced with a fast-pulse type that allowed pulseby-pulse switching of the beam track. In addition, sinusoidal modulation of the RF phase of the linac cavities permitted the delivery of fixed but different energy electron beams to respective undulator lines to deliver different energy FELs to the respective lines [32] . This made it possible to operate both BL2 and BL3 quasi-simultaneously at a 30 Hz repetition rate using a single linac. Adding to the independent operation of BL1 at 60 Hz for EUV/SX FEL, the SACLA facility now serves three independent FEL lines simultaneously. A photograph of the undulator hall of the SACLA facility is shown in figure 6 .
Multi-bend-achromat lattice for storage rings
To further enhance the brightness of the undulator radiation required a reduction of the electron beam emittance. This could be achieved by increasing the number of bending magnets within a unit cell. The schema is known as a 'multi-bend-achromat (MBA)' lattice [33] . MAX-IV in Sweden was the first SR facility employing an MBA lattice (https://www.maxiv.lu.se).
Many SR facilities around the world are now planning upgrades using MBA technology. All four existing large-scale third-generation facilities (ESRF, APS, SPring-8 and PETRA-III) have plans to upgrade (to EBS, APS-U, SPring-8-II and PETRA-IV, respectively). Most medium-scale third-generation facilities have MBA upgrade plans as well. Green-field construction of several new facilities using an MBA lattice are planned, for example SIRIUS in Brazil (https://www.lnls. cnpem.br/sirius-en/), about to start, the HEPS 6 GeV source in China [34] and SLiT-J in Japan (http://www.slitj.tagen.tohoku.ac.jp/ (in Japanese)). Although, in principle, MBA sources are able to achieve ultra-small electron beam emittance, various issues remain to be addressed from the perspective of users. Two big challenges are maintaining stability of the source and maintaining stability of the beamline optics. Tiny vibrations at either the source or the optics degrade the effective emittance. The history of conventional laser light sources seems to indicate that XFEL development is diverging to either moderate continuous wave (CW) XFELs or high-peak power-pulsed XFELs. We could consider MBA SR sources with an extremely small emittance electron beam to be a step towards a future moderate CW XFEL source.
Vision for the future
The history of the development of SRSs has been the pursuit of greater spectral brightness. One of the latest achievements is MBA sources using circular storage rings, though they emit chaotic and incoherent light. MBA lattices have the potential to reduce the emittance of electron beams close to or smaller than the emittance of photon beams. When electron beam emittance is smaller than photon beam emittance, the source is called a diffraction-limited storage ring (DLSR). Another recent development is the linac-based SASE XFEL, which can emit short-pulse-width coherent X-rays. These two sources are not mutually exclusive. We have to determine how to combine the best features of these two light sources in order to best support scientific development.
Some people believe CW XFELs to be superior to pulsed XFELs. Technically, CW XFELs could be developed by using an SASE XFEL with a high-repetition superconducting linac. The European XFEL now operates in a burst mode, but has the potential to be used as a CW machine. LCLS is planning an upgrade to become a CW soft X-ray FEL (LCLS-II) using superconducting linac technology, followed by a high-energy upgrade (LCLS-II-HE) for a hard X-ray FEL. A new superconducting linac-based XFEL (SHINE) is under construction in Shanghai. Superconducting linac-based SASE XFELs are fairly expensive and need additional technology development, including seeding, to obtain temporally coherent X-rays.
In addition to existing technologies, we have to think about completely new methods for developing accelerator-based light sources. One important direction could be exploiting the capabilities of accelerators in conjunction with conventional lasers. The concept of optical cavities commonly used in conventional lasers has been extended to the X-ray region by using Figure 7 . Development of the catalysts by using synchrotron radiation analysis will help create a sustainable society. (Online version in colour.)
perfect crystal diffraction for high-reflectance mirrors for X-ray cavities [35] . Some facilities have elaborated on the formation of electron density modulation by lasers [36] . Building upon these technologies, we will be able to develop a circular-ring-type XFEL in the future. A remarkable trend is the wide range of capabilities among recent SR users, from seasoned experts to beginners. As the usefulness of SR spreads to wider research and industrial communities, more people want to search for the solution to their problems leveraging data from SR research. Some of them do not necessarily want to become SR expert users, but only to find solutions. As a result, the experience level of users from both academia and the industrial arena is diverging to either the beginner or the expert end of the spectrum. We have actually seen the proportion of beginners expand more rapidly. Limited manpower in SR facilities makes it difficult to adequately support the growing number of non-expert users. In response, the facility may have to develop well-educated artificial intelligence (AI) systems or robots for tuning beamlines to support users. Furthermore, it may be necessary to start a measurement/data-analysis agency service. These services would not necessarily be provided in-house, but possibly by using spinoff companies or existing companies that specialize in analytics. The enhanced performance of future sources, as well as unprecedented performance of future X-ray detectors, will evoke the keen need to greatly improve the speed of analysis of increasing amounts of data, perhaps with the help of the AI methods. We have to start preparing for the situation as soon as possible.
Discovery-based methodology is becoming increasingly important in both scientific research and industrial product development. For many phenomena around us, we know how they happen, but do not understand why they happen. To understand the 'why' at the most fundamental level, we must have atomic/molecular level information about the materials relevant to the phenomena, such as composition, structure and dynamics. This type of information could be attained through high-energy, photon-based measurements at the nanometre scale. Future accelerator-based X-ray sources should be able to reveal answers to many of the 'whys' required to enhance human life and to contribute to creating a sustainable society (figure 7).
Concluding remarks
In conclusion, we have seen remarkable developments in SR science all around the world. Many new scientific fields are now participating in SR research, making it highly multifaceted. A future goal for accelerator-based X-ray sources should be to combine a linac-based pulsed XFEL with a ring-based CW XFEL. Joining these sources together, we expect to be able to discover the answers to many of the complex 'whys', providing insights we need to build a better world.
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